Testicular tissue cryopreservation is the only potential option for fertility preservation in pre-pubertal boys exposed to gonadotoxic treatment. Completion of spermatogenesis after in vitro maturation is one of the future uses of harvested testicular tissue. The purpose of the current study was to evaluate the effects of vitamin A on in vitro maturation of fresh and frozen-thawed mouse pre-pubertal spermatogonial stem cells in an organ culture system. Pre-pubertal CD1 mouse fresh testes were cultured for 7 (D7), 9 (D9) and 11 (D11) days using an organ culture system. Basal medium was supplemented with different concentrations of retinol (Re) or retinoic acid (RA) alone or in combination. Seminiferous tubule morphology (tubule diameter, intra-tubular cell type), intra-tubular cell death and proliferation (PCNA antibody) and testosterone level were assessed at D7, D9 and D11. Pre-pubertal mouse testicular tissue were frozen after a soaking temperature performed at -7°C, -8°C or -9°C and after thawing, were cultured for 9 days, using the culture medium preserving the best fresh tissue functionality. Retinoic acid at 10 -6
Introduction
Spermatogenesis is a highly organized process of cell proliferation and terminal differentiation that leads to the formation of mature spermatozoa. Several external factors are susceptible to impair spermatogenesis and more specifically spermatogonial stem cells, such as cancer treatment, chemotherapy or radiotherapy, with possible transient or permanent spermatogenesis arrest [1] .
Gonad damage is a relatively common consequence of cancer treatment. Indeed, 10 to 100% of cured patients will show semen parameter alterations after treatment and an average of 15 to 30% of them remain infertile in the long term [2, 3] . Since several years, sperm cryopreservation is proposed for young adult males and adolescents prior to gonadotoxic treatment [4] . However, for pre-pubertal boys exposed to gonadotoxic treatment, testicular tissue freezing appears to be the only potential option to preserve their future fertility, even if this procedure remains actually not currently proposed. However, clinical experience has been reported [5] [6] [7] . Open testicular biopsy is generally carried out under general anaesthesia in combination with another clinical care of the patient (tumor ablation, central line placement) [5] [6] [7] . The parents of young boys consented to testicular biopsy in 76% [5] or 93.5% [7] of cases and few sequelae occurred during intraor post-operative procedure [5, 7] .
Testicular tissue freezing offers the possibility to preserve the different testicular cells, to maintain spermatogonial stem cells into their specific environment, the so-called "niche", and to respect the interactions between germ cells and Sertoli cells [8, 9] . Several potential options can be proposed to restore fertility using frozen testicular tissue. Spermatogenesis can be completed after in vitro maturation, germ cell transplantation, xenologous or autologous testis fragment grafting [3, 10, 11] . However, these approaches may present some limitation. Indeed, in case of leukaemia or any other metastatic childhood cancer, malignant cell contamination of harvested testicular tissue may exist. In this case, germ cell transplantation or autologous testicular fragment grafting may induce a malignant relapse in the transplanted patient [12] . The use of a xenogenic intermediate host could be an alternative option to avoid the transfer of malignant cells to the patient. Some safety issues should be evaluated and more particularly the risk of zoonosis, because spermatozoa obtain after xenografting would be used for fertilization [13] . As a consequence, in vitro differentiation of spermatogonial stem cells could be an option to restore fertility and to avoid malignant relapse and risk of zoonosis.
The whole process of spermatogenesis requires endocrine and local paracrine regulation and direct cell to cell interactions (between peritubular cells and intra-tubular cells, germ cells and germ cells, Sertoli cells and germ cells) [14] . Therefore, organ culture experiments appear to be of great interest to reproduce in vitro spermatogenesis because they preserve testicular tissue architecture and intercellular communication [15] . Many groups have focused their studies on male germ cell in vitro differentiation, mostly using tissue or organ culture [16] . Organotypic culture system has proven its efficiency in some animal models like in rat and mouse foetal and neonatal testis [17] as well as in human foetal testis [18] . In rodents, foetal and neonatal Leydig cells, Sertoli cells and germ cells can develop normally over a period of 1-2 weeks in an organotypic culture system according to a pattern similar to the pattern observed in vivo. Furthermore, the level of differentiated functions (for example, gonocyte mitosis and differentiation into spermatogonia, seminiferous cord organization, AMH and testosterone production) does not differ from in vivo conditions and demonstrate the potential usefulness of organotypic culture system to explore the effects of several factors (age, time, dose-dependent hormone effects, paracrine and autocrine factors, environmental factors...) [17] . After two weeks of human foetal testis organotypic culture, all the germ cell types remained detectable and some of them were still able to divide and to differentiate with a rate comparable as observed in vivo. Thus, a good maintenance of the general architecture of the testis was confirmed suggesting, as for rodents, that this culture system represent a valuable tool for testing the effects of biological and chemical agents on in vitro maturation of testicular tissue [18] .
In addition to playing a fundamental role in several biological processes such as vision, growth and differentiation of numerous cell types, retinoids (retinol [RE] and retinoic acid [RA] ) are clearly involved in the regulation of testicular functions by acting directly on the three main testicular cell types (Sertoli cells, germ cells and Leydig cells) [19] . Indeed, retinoids control several functions in adult Sertoli cells e.g. stimulation of secretion (transferrin, Androgen Binding Protein), signalling pathway regulation (expression of androgen receptor, production of cAMP in response to Follicule Stimulating Hormone [FSH] ), metabolism modulation (for example, ornithine decarboxylase and cytochrome c oxidase expression) [20] . Furthermore, retinoids are precocious and transient regulators of testosterone secretion in rodents [21, 22] and in humans [18] . Retinoids play also a major role during the proliferation and differentiation of type A spermatogonia, the transition from round to elongated spermatids and spermiation [20] . Indeed, in adults, vitamin A deficiency leads to spermatogenesis arrest [23, 24] and in testes of vitamin-A deficient rodents, retinoid supplementation retriggered male gametogenesis up to the spermatocyte stage that occurred, in a synchronous manner, in all seminiferous tubules [25] [26] [27] .
Since RE and RA are clearly involved in spermatogenesis regulation, the first aim of our study was to evaluate the effect of different concentrations of these two retinoids on in vitro proliferation and differentiation of fresh pre-pubertal murine spermatogonial stem cells in an organ culture system. Leydig cell functional integrity was checked by assessing in vitro steroidogenesis. Then, in order to improve the freezing protocol of pre-pubertal mouse testicular tissue, three different soaking temperatures were tested and the most favourable culture condition was used to assess the functionality of frozen-thawed mouse testicular tissue in the different freezing conditions. The other freezing protocol parameters have been assessed previously [9, 28, 29] .
Materials and Methods

Mice and testis collection
All experimental procedures were approved by the Institutional Animal Care and Use Committee of Rouen Medical University under licence number 76-120. Six to seven day-old CD-1 mice were euthanised by decapitation (Charles River Breeding Laboratories, L'Arbresle, France). The testes were excised and rinsed in Dulbecco modified Eagle medium F12 (DMEM/F12) (Sigma-Aldrich, Saint-Quentin Fallavier, France), with 10% (v/v) of foetal calf serum (FCS) (Eurobio, Courtaboeuf, France). The tunica albuginea was removed and testes were rinsed in the same medium as mentioned above and maintained at 4°C until use. The testes were transferred either into a culture medium drop, if cultured, or into cryovial, if frozen. For each culture condition tested, six testes from mice of different litters were cultured for 7 (D7), 9 (D9) and 11 (D11) days. The testes of 7-, 14-, 16-and 18-day-old mice, corresponding respectively to Day 0 (D0) and the three different culture times (D7, D9 and D11 respectively), were used as in vivo controls and were fixed in Bouin solution (HT10132, Sigma-Aldrich).
Organ Culture System
The basal culture medium was composed of DMEM/F12 gentamycin (25µg/mL), streptomycin (50mg/L), penicillin (39UI/ mL), pyruvate (10 
Cryopreservation
The testes were individually placed into cryovials (Cryotube ™ Vials, Nunc, Roskilde, Denmark) containing 1.5mL of cryoprotective medium consisted of Leibovitz ® L-15 medium (Eurobio) supplemented with 1.5M dimethylsulphoxide (DMSO, Sigma-Aldrich), 0.05M sucrose (Sigma-Aldrich) and 10% (v/v) FCS (Eurobio), and were equilibrated at 4°C for 30 minutes. The testes were frozen in a programmable Minicool 40PC freezer (Air Liquide, Paris, France) with a controlled slow freezing protocol: start at 5°C, 2°C/min until temperature stabilisation phase for 8 minutes assessed at -7°C, -8°C or -9°C, 0.3°C/min to -40°C, 25°C/min to -150°C. After the freezing procedure, the samples were plunged and stored into liquid nitrogen at -196°C.
Testicular tissue thawing was performed after several baths with a progressive dilution of cryoprotectant as previously described [9] . Briefly, samples were thawed rapidly in a 37°C water bath and cryomedium was removed in a four-stage procedure with decreased concentration of cryoprotectant.
Identification of Sertoli cells and germ cells
Tissue sections (3 µm) were stained for Tra98 (for spermatogonia as well as leptotene/zygotene and pachytene spermatocytes I). Then, serial tissue sections were stained with promyelocytic leukemia Zinc Finger (Plzf) or c-kit to identify undifferentiated or differentiated spermatogonia respectively.
Tissue sections were deparaffinised, rehydrated and incubated in an antigen-retrieval solution (10mM citrate, pH6) for 40 minutes at 96°C. All incubation steps were performed at room temperature (except for primary antibody) and followed by wash with TBST 4, Leica) . If more than one section was evaluated to obtain 30 cross-sectioned tubules, the distance between two consecutive sections was 10µm. A cross-sectioned tubule was defined when a ratio of less than 1.5 was observed between the longest diameter of the tubule and the diameter perpendicular to it. The seminiferous tubule area as well as the number and the type of intra-tubular cells were assessed for each culture condition.
Rat Tra98 monoclonal antibody recognizes specific mouse germ cell nuclear antigen [30] and allows accurate distinction between Sertoli cells (Tra98-negative cells) with irregular blue nuclei and germ cells (Tra98-positive cells) with brown nuclei. Then, the different types of germ cells were classified as spermatogonia (smooth spherical brown nuclei), leptotene/ zygotene primary spermatocytes (irregular spherical brown nuclei with condensed chromatin) or pachytene primary spermatocytes (irregular spherical brown nuclei with highly condensed chromatin). The number of residual Sertoli cells and spermatogonia was assessed to obtain a ratio between Sertoli cells and spermatogonia in seminiferous tubules over time and was compared to in vivo condition.
Quantification of proliferating Sertoli cells and germ cells
Two serial sections of paraffin embedded tissue (3µm of thickness) were used to determine the proliferation rate of Sertoli cells and germ cells. The first serial section was processed for Proliferating Cell Nuclear Antigen antibody (PCNA) used as a marker of cell proliferative ability, according to the manufacturer's instructions (Invitrogen, Camarillo, CA, USA). Tra98 immunostaining, as described above, was applied to the second serial section. After substrate reaction, cells were counterstained with haematoxylin (Dako) and analysed under a light microscope (DM4000B, Leica) at ×500 magnification. For each culture condition, germ cells recognized by Tra98 (Tra98-positive cells) were identified in section processed for PCNA immunostaining. In this way, the percentages of PCNA positive germ cells and PCNA positive Sertoli cells (with brown nuclei, respectively detected or not by Tra98 monoclonal antibody) were determined after examination of at least 500 intra-tubular cells. Negative controls were performed by omitting the primary antibody. If more than one section was evaluated to obtain 500 intra-tubular cells, the distance between two consecutive serial sections was 10µm.
Cellular Death Assessment
Cellular death via necrosis was evaluated using pyknotic nuclei quantification in seminiferous tubules. Pyknotic nuclei assessment was carried out in 30 cross-sectioned tubules stained with Tra98 antibody (see above). Briefly, seminiferous tubules were classified as no pyknotic (<10% of pyknotic nuclei per seminiferous tubules), partially (from 10 to 90% of pyknotic nuclei per seminiferous tubules) or totally pyknotic (>90% of pyknotic nuclei per seminiferous tubules) and the number of pyknotic nuclei was also recorded in totally and partially necrotic seminiferous tubules. A pyknotic nucleus was defined as spherical, shrink with highly condensed chromatin.
Testosterone measurement using radioimmunology assay In vitro steroidogenesis was evaluated by measuring testosterone secretion into the medium. Media samples were stored at -20°C after 3, 5, 7, 9 and 11 days of culture and were analysed using a direct radioimmunoassay (testosterone kit (IM1087); Immunotech Beckman-Coulter Company, Roissy, France). The samples were assayed in duplicate according to manufacturer's recommendations. The assay had a lower limit of sensitivity of 0.04 ng/mL with average intra-and inter-assay variations of 7.2 and 10.7% of respectively.
Statistical analysis
Statistical analysis was performed for all experiments using the Friedman test (for global comparison between all conditions), the Wilcoxon test for paired rank comparisons or the Mann-Whitney test for unpaired rank comparisons. The data are presented as the means ± SEM. A p-value below 0.05 was considered statistically significant.
Results
Organ culture of fresh pre-pubertal mice testicular tissue
Seminiferous tubule growth ( Figure 1A 1 to 1A 3 and Figure 2 ). The seminiferous tubule area increased significantly during the culture regardless of the concentrations of Re and RA used (p<0.01), except for RE3. Indeed, the seminiferous tubule area significantly decreased from D0 to D7 with RE3 (p=0.003). RE3 appeared to be deleterious for seminiferous tubule growth as well as RE4 and RERA5; these conditions impaired significantly the seminiferous tubule growth after 11 days of organotypic culture compared with the other conditions tested (p<0.01). After exclusion of the above mentioned conditions, seminiferous tubules area was significantly higher after 7 days of culture, for RE6 compared to RARE6 and RARE5 (p=0.02 for both) but was similar between RE6 and RERA6. After 9 days of culture, a similar seminiferous tubule area was observed with RE6, RERA6, RARE6 and RARE5; indeed, the greatest seminiferous tubule area was obtained on D11 with these culture conditions without significant differences (5907.2±545.90µm 2 Figure 3 ). Partial or total necrotic seminiferous tubule proportions increased significantly between D0 and D11 regardless of the culture medium used (p<0.05). This phenomenon was mostly observed in the periphery of the testicular pieces. For RE3, all the seminiferous tubules were necrotic after 7 days of culture; thus, we excluded this condition for further analyses. RERA5, RE5, RA6, RE6 and T showed the higher proportions of total necrotic seminiferous tubules after 11 days of culture (44.5±1.27%, 33.7±0.33%, 34.0±0.00%, 30.0±8.00%, 29.0±9.00% respectively). Furthermore, among these five conditions, RERA5 appeared to be the more deleterious condition (p<0.01). Whatever the time point in culture, RE4, RARE, RARE6, RARE5 and RERA6 reduced seminiferous tubule necrosis compared with T, RERA5, RE5, RE6 and RE3 without significant difference, (6.0±6.00%, 7.2±1.79%, 15.0±11.77%, 16.6±1.96%, 18.3±11.08% respectively after 11 days of culture). Seminiferous tubules with partial necrosis were also more frequently observed with RERA5, RE5, RA6, RE6, T as well as RE4 conditions (data not shown).
As a consequence, the number of pyknotic nuclei increased significantly between 0 and 11 days of culture ( Figure 3B ). Indeed, RERA5, RE6, T, RA6 and RE5 appeared to be the most deleterious conditions whereas RE4, RERA6, RARE5, RARE6 and RARE seemed to have less pyknotic nuclei. However, despite no significant difference, the number of pyknotic nuclei was higher for RERA5 between 7 and 9 days of culture, while for all other conditions, pyknotic nuclei were more numerous between D9 and D11. After 11 days of culture, RERA5 presented significantly more pyknotic nuclei than the other four deleterious conditions (p<0.01) while RE4 presented significantly less pyknotic nuclei than the other conditions (p=0.01). Whatever the culture conditions, the distinction between necrotic Sertoli cells and necrotic germ cells was not possible because necrotic cells were not immunostained with Tra98 monoclonal antibody ( Figure S1 ).
Intra-tubular cell proliferation ( Figure 4A , 5 and 6). PCNA expression decreased significantly between D0 and D7 under all the retinoid concentrations tested (p=0.03), then tended to stabilization from D7 to D11 for T, RA6 and RERA5 or continued to decrease significantly for the other conditions (p<0.05) ( Figure 5A ). The significant decrease observed between D0 and D7 corresponded to Sertoli cell proliferation arrest as shown in Figure 5B . Indeed, Sertoli cell proliferation significantly decreased for all the culture conditions tested (p=0.01) whereas germ cell proliferation remained globally stable between D0 and D7 ( Figure 5B and 5C).
After 7 days of culture, PCNA expression was significantly higher for RERA6 compared to RE6, T, RERA5, RA6, RE5 and RE4. However, at D9, PCNA expression was significantly higher for RE6 compared to RERA6, RERA5, RA6, RE5 and RE4 (p=0.004). RE4 appeared to be deleterious for cellular proliferation in pre-pubertal mouse testicular tissue culture whereas the nine other conditions gave a similar PCNA expression after 11 days of culture (p>0.05) ( Figure 5A ).
The intra-tubular cell number increased significantly between D0 and D7 for T, RA6, RE6, RE4 and RARE6 (p=0.03) but did not vary for RE5, RARE, RARE5, RERA6, RERA5 ( Figure 6A ). This increase stopped at D9 and then stabilized until D11 for RE6 and RARE6. For RARE and RERA6, intra-tubular cell number was not modified between D7 and D11. No significant difference was observed between RE6, RARE6, RARE and RERA6 conditions after 11 days of culture (51.1±4.28, 49.2±1.60, 48.4±6.27, 46.6±1.15). On the other hand, RE5, RA6, T and RE4 gave a significant decrease of intra-tubular cell number between D7 and D9 (p=0.03). RERA5 induced no change between D0 and D11. Whatever the time point of culture, no significant difference was observed between the different culture conditions when compared with each other.
The ratio between Sertoli cells and spermatogonia increased significantly between D0 and D11 for all the culture conditions tested (p=0.0105) while this ratio decreased significantly in seminiferous tubules of mice aged between 7 days post-partum and 18 days post-partum (p=0.0039). Furthermore, the ratio was significantly higher at D11 in vitro compared to the in vivo controls whatever the culture conditions tested (p=0.0105). The ratio increased significantly between D0 and D7 for RE6 (p=0.0039) but did not vary for the other culture conditions. On the other hand, the ratio did not vary between D7 and D11 for RE6 but increased significantly for the other culture conditions (p=0.0105) except for RARE5. At D11, the ratio was not different between RE6 and each other culture condition ( Figure  S2 ).
Assessment of undifferentiated (Plzf+) and differentiated (c-kit+) spermatogonia. Plzf and c-kit were not always and not simultaneously expressed in vivo during the post-natal development of the testis. However, Plzf was expressed in Seminiferous tubule area assessment in organotypic culture of fresh pre-pubertal mouse testicular tissue. Seminiferous tubule area evolution after 0, 7, 9 and 11 days of organotypic culture on at least 30 cross-sectioned tubules after Tra98 immunostaining under the different culture conditions. The results are represented as the mean ± SEM with n=6. Footnotes: T: basal culture medium without retinoid; RARE: 3. spermatogonia at 7, 14, 16 and 18 dpp and c-kit at 7 dpp and 9 dpp respectively. Undifferentiated spermatogonia (plzf+) were detected in vitro in one assay only at D7 for AR5 (5.83%) and AR6 (0.52%) respectively, at D9 for RE5 (60.1%) and at D11 for basal medium (6.22%). Furthermore, differentiated spermatogonia (c-kit+) were observed in one assay only at D9 (60.1%) and D11 (3.83%) for RE5 respectively (Figures S3 and  S4) .
Assessment of meiotic germ cells (Figure 7 and 8) . The assessment of meiotic germ cell was performed using (i) the percentage of seminiferous tubules at meiotic prophase i.e. containing spermatocytes I (leptotene, zygotene or pachytene) ( Figure 8A ) and (ii) the percentage of meiotic cells in these seminiferous cords ( Figure 8B ). The initiation of spermatogenesis was characterized by the presence of germ cells at prophase I of meiosis and was observed for all the culture conditions tested. Indeed, the percentage of seminiferous tubules at prophase I of meiosis increased significantly between D0 and D7 for each condition tested (p=0.03), continued to progress until D9 for RARE, RE6, RERA6, RARE6, RARE5 and RERA5, although this increase was lower for RERA5. On the other hand, the percentage of seminiferous tubules at meiosis I decreased significantly from D7 to D9 for RA6 and RE4 (p=0.03 for both). Thereafter, this percentage tended to stabilisation. The percentage of seminiferous tubules at prophase I of meiosis was higher at D11 for RE6, RARE, RERA6 and RARE5 without significant difference (66.9±2.36%, 70.5±7.17%, 67.0±5.48%, 66.8±16.48% respectively, p>0.05) compared to the other conditions. However, after D7, the percentage of seminiferous tubules at meiosis I was significantly higher for RE6 compared to RARE and RARE5 (p=0.02 and p=0.004 respectively) but was similar at D9 for RE6, RARE, RERA6 and RARE5 ( Figure  8A ).
In the seminiferous tubules with germ cells at prophase I of meiotic division, the mean percentage of meiotic cells increased between D0 and D9 for each medium tested (p<0.01) and then stabilized for RE6, RARE, RARE6, RARE5, RERA6, RERA5. As observed for the percentage of seminiferous tubules at meiotic prophase I, RE6, RARE, RERA6 and RARE5 allowed to produce a high rate of spermatocytes at prophase I without significant difference (24.8±1.45%, 23.3±4.02%, 24.4±2.62%, 23.6±4.87% respectively) ( Figure 8B) .
In Vitro Steroidogenesis (Figure 9 ). Leydig cell functional integrity was well-preserved during fresh pre-pubertal mouse testicular tissue culture. Testosterone production increased significantly from D0 to D11 for each retinoid concentrations tested (p=0.03). RERA5, RE5 and RA6 gave the highest testosterone concentrations whereas RE4, RARE, RARE6 and RARE5 gave the lowest testosterone concentrations after D11. After D3 and D7, testosterone production was significantly lower for RERA5 compared to RE5 and RA6 (p=0.002 and p=0.003 respectively for D3; p=0.004 and p=0.02 respectively for D7) but was similar at D9. For the culture conditions with the lowest testosterone production, in vitro production of testosterone was significantly higher for RE4 compared to RARE, RARE6 and RARE5 at D3 (p=0.002 for the three different conditions), at D9 (p=0.004 for RARE and RARE5 and p=0.02 for RARE6) and at D11 (p=0.02 for RARE and RARE5 and p=0.004 for RARE6).
Synthesis of the data to highlight the best condition for organ culture of fresh pre-pubertal testicular tissue
As shown in Table 1 , we highlighted the four best culture conditions after individual evaluation of the following parameters: the seminiferous tubule area, the ratio between Sertoli cells and spermatogonia, the cellular proliferation, the necrosis and the progression through the meiotic process. Only culture media supplemented with 10 -6 M Re or 10 -6 M RA and 3.3.10 -7 M Re were considered to be favourable for the normal growth of seminiferous tubules, the maintenance of intratubular cell proliferation and the progression of germ cells through the meiotic process. In addition, it was found that under the RE6 condition, each parameter evaluated separately followed a similar curve when compared to the in vivo controls (14-, 16-and 18-day-old mice respectively) (Figures 2 to 6 ). However, the mean seminiferous tubule area, the intra-tubular cell proliferation and the percentage of seminiferous tubules at meiotic stage were significantly higher for in vivo controls compared to cultured tissue (p<0.01), while the percentage of meiotic cells was not different (p>0.05). Furthermore, the ratio between Sertoli cells and spermatogonia increased significantly between D0 and D7 (p=0.0105) but remains stable between D7 and D11 ( Figure S2 ).
Organ Culture of Frozen-Thawed Pre-Pubertal Mice Testicular Tissue (Figure 10)
Frozen-thawed pre-pubertal mouse testicular tissue, cryopreserved using a controlled slow freezing protocol with a soaking temperature evaluated at -7°C, -8°C or -9°C, was cultured for 9 days using RE6 condition. Seminiferous tubule area, cellular proliferation, necrosis, progression through meiotic process, the ratio between Sertoli cells and spermatogonia and testosterone production were evaluated and compared to fresh pre-pubertal mouse testicular tissue cultured with the same condition.
The mean seminiferous tubule area was similar for each soaking temperature tested (-7°C, -8°C and -9°C) compared to fresh control and compared to each other (p>0.05) ( Figure  10A ). PCNA expression was significantly lower for frozenthawed cultured tissue cryopreserved with soaking temperature at -7°C compared to fresh cultured tissue (p<0.01). No statistical difference was observed for the two others soaking temperatures tested. Moreover, PCNA expression was significantly lower for thawed cultured tissue cryopreserved with soaking temperature at -7°C compared to the two others freezing conditions (p=0.02 and p=0.01 respectively) ( Figure  10B) . Furthermore, the intra-tubular cell number and the ratio between Sertoli cells and spermatogonia did not differ significantly between fresh and thawed cultured tissue and between each soaking temperature tested ( Figure 10C and Figure S5 respectively).
After cryopreservation of pre-pubertal mouse testicular tissue, cells were able to undergo the meiotic process. Indeed, the percentage of seminiferous tubules at meiotic prophase Vitamin A and In Vitro Spermatogenesis PLOS ONE | www.plosone.org (1-2-3) Meiotic germ cells assessment for organotypic culture of fresh pre-pubertal mice testicular tissue at ×500 magnification. Fresh testicular tissue was culture for 0 (1) or 11 days (2 and 3) with RE6 (2) or RERA5 (3) (4-5-6) Meiotic germ cells assessment for organotypic culture of frozen-thawed (5 and 6) immature mice testicular tissue compared to fresh control (4) at ×500 magnification. Testicular tissue was frozen using a temperature stabilisation phase at -8°C (5) or -9°C (6) (7-8-9) Germ cells classification after Tra98 immunodtection at x1000 magnification. Intra-tubular cells were classified as spermatogonia (7, arrow head) (smooth spherical brown nuclei), leptotene/zygotene primary spermatocytes (8, ###) (irregular spherical brown nuclei with condensed chromatin) or pachytene primary spermatocytes (9, ¤¤¤) (irregular spherical brown nuclei with highly condensed chromatin). Sertoli cells was defined with a blue nucleus (head Vitamin A and In Vitro Spermatogenesis PLOS ONE | www.plosone.org(i.e. containing leptotene, zygotene or pachytene primary spermatocytes) was similar for a soaking temperature at -7°C compared to fresh control but was significantly reduced at -8°C and -9°C (p<0.01) ( Figure 10D ). No statistical difference was observed between each cryopreservation conditions. Although soaking temperature at -7°C appeared to be more favourable to obtain the best rate of seminiferous tubules in meiotic prophase, even if the standard error of mean was quite large, this condition was more deleterious in term of percentage of cells in meiotic prophase compared to fresh control. The same data were obtained for a soaking temperature at -9°C. A soaking temperature at -8°C gave a similar percentage of meiotic cells compared to fresh control ( Figure 10E ). However, no statistical difference was observed between each cryopreservation conditions. Whatever the freezing protocol tested, Leydig cells were able to synthesized testosterone as shown in Figure 10F . Androgen secretion assessed in culture media increased significantly, for each soaking temperature evaluated, between D0 and D9 (p=0.05). However, the mean testosterone concentration did not follow the same evolution as observed with control fresh tissue cultured under the same conditions. Steroidogenesis Table 1 . Culture media for fresh immature mouse testicular tissue offering the best results for each studied parameter (seminiferous tubule area, intra-tubular cell proliferation, necrosis, cellular differentiation) after 11 days of organotypic culture.
Studied parameter
Most favourable culture condition M retinol. Results were compared with fresh pre-pubertal testicular tissue cultured with the same conditions. Testicular tissue was cryopreserved using a controlled slow freezing protocol and a soaking temperature evaluated at -7°C, -8°C or -9°C. decreased between D3 and D7 then tended to stabilization for thawed mouse testicular tissue, whereas this parameter increased rapidly for control fresh tissue. A soaking temperature at -8°C gave a significant higher concentration of testosterone after 9 days of culture compared to -7°C and -9°C soaking temperature (p=0.02 for both).
Discussion
This study demonstrated that retinol at a concentration of 10 -6 M provided the optimal culture conditions for in vitro maturation of fresh and frozen-thawed pre-pubertal spermatogonial stem cells.
Retinoid concentrations assessed in the current study were in agreement with reported concentrations of RE and RA measured in foetal and neonatal serum [31, 32] and previously used for in vitro maturation of testicular tissue, foetal cells or embryonic cells [33] [34] [35] [36] . A somatic and germ cell co-culture system, using seminiferous tubules from 23-to 25-day-old rats and a culture medium containing 3.3.10 -7 M RE and 3.3.10 -7 M RA, allowed the functional differentiation of pachytene spermatocytes from stages IV to VI into round spermatids over a 3-week period; however, the reproducibility of these experiments was not established [33] . Moreover, 10 -6 M RA triggered entry into meiosis of 11.5 and 12.5 dpc (days postconception) XY mouse testis using organ culture system [35] . RA at a concentration of 10 -5 M was also used to develop a strategy for the establishment of spermatogonial stem cell lines from embryonic stem cells which were able to undergo meiosis and to generate haploid functional male gametes in vitro [34] . Furthermore, when RA was used at a concentration of 10 -7 M, foetal cattle male germ cells were able to differentiate into elongated spermatids [36] .
Organ culture system, as used in our study, has already been assessed for testicular tissue in other animal models, for example in rat [17] and in humans [18, 37] , and has proven its efficiency for other types of tissue as adipose tissue [38] or heart [39] . This organotypic culture system maintains the polarity and the association of testicular cells; it also mimics normal seminiferous tubule compartmentalisation [14, 40] and preserve the morphological interactions between intra-tubular cells and between intra-tubular cells and interstitial compartment that allow a better efficiency of the culture system than isolated cells or disintegrated testicular biopsies [37] .
However, to our knowledge, no study has assessed the effect of RE or RA on in vitro proliferation and differentiation of spermatogonial stem cells from mouse pre-pubertal testis using organotypic culture system. In our fresh pre-pubertal mouse testicular tissue culture, only medium containing both 10 -6 M RA and 3.3.10 -7 M RE (RERA6) or 10 -6 M RE (RE6) appeared to be favourable for seminiferous tubule growth, maintenance of intra-tubular cell proliferation and progression through meiotic process. On the contrary, RE3, RE4, RERA5, RE5 and RA6 appeared to be deleterious for at least one of the different studied parameters. Retinoids played a major role during perinatal development in the regulation of cellular growth and differentiation. Indeed, in rat testis from 14.5-and 18.5-day-old foetuses and from 3-day-old neonates cultured for 3 days,
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-6 M RA increased the mean diameter of the cords only for 18.5-dpc and 3-dpp testes whereas disrupt seminiferous cords were observed for 14.5-dpc cultured testes [21] . Furthermore, 10 -6 M RA also caused a decrease of the total number of gonocytes after 3 days of culture. In the present study, Plzf that triggers undifferentiated spermatogonia and c-kit that triggers differentiated spermatogonia were exceptionally expressed during the different culture conditions tested. This rare expression of spermatogonial markers was not due to a technical defect because both markers were expressed in the age-matched in vivo conditions [41, 42] . Therefore, we were not able to evaluate specifically the impact of retinoids on spermatogonia self renewal and differentiation in our organ culture system. During spermatogenesis, Plzf and c-kit plays a key role in maintaining the balance between self renewal and differentiation of spermatogonial stem cells. Furthermore, Plzf directly acts by repressing the transcription of c-kit and c-kit is required in initiating the entry of spermatogonia into meiosis [42] . RA treatment reduced OCT4 and Plzf expression (markers of undifferentiated spermatogonia), caused stereotypical morphological changes and induced expression of c-kit, Stra8 (Stimulated by retinoic acid) and meiotic markers (SCP3, Rad51, γ-H2Aα) in mouse germ line stem cells [43, 44] or in urogenital ridge organ cultures [45] . However, other studies showed that RA could not stimulate c-kit expression in spermatogenic cells and cause apoptosis of undifferentiated A aligned spermatogonia [46] . We can propose that our organ culture system did not allow maintaining the pool of undifferentiated spermatogonia and that retinoids provoked enter into meiotic prophase of most differentiated spermatogonia in a synchronised manner. The decrease of the ratio between Sertoli cells and spermatogonia between D0 and D11 compared to the in vivo controls may also reinforce this hypothesis more specifically with 10 -6 RE. Consequently, the continuous process of spermatogenesis was not maintained in agreement with the reduced number of intra-tubular germ cells observed after 9 days of culture whatever the culture conditions tested.
Vitamin A is critical for normal and continual sperm production, is clearly involved in type A spermatogonia proliferation, allows their differentiation into B spermatogonia and plays a major role for the entry into the meiotic process [47] . However, in our study, retinoid acted in a dose-dependent manner and retinol at a concentration of more than 10 -6 M stopped cellular proliferation and reduced quantitatively meiotic process. In embryonic stem cell culture, exogenous RA at a concentration of 10 -5 M allowed differentiation into primordial germ cells, then into gonocytes and lower RA concentrations (10 -6 M) were necessary to maintain spermatogenesis. However, to the best of our knowledge, these experiments were not reproduced [34] .
Testosterone production was observed in the different fresh pre-pubertal testicular tissue culture conditions evaluated in our study, suggesting the maintenance of Leydig cell functional integrity. In rat and mouse foetal testis, retinoids have a negative impact on the onset of steroidogenesis whereas in adult rat testis, retinoids stimulate testosterone production by Leydig cells [19, 21] . Moreover, testes of human foetuses under and after 7 week showed RA-stimulated and RA-independent testosterone secretion respectively [18] . However, high intratesticular levels of testosterone may interfere with spermatogonial proliferation and meiosis [48] . In our study, RA concentration of 10 -5 M in combination with 3.3.10 -7 M RE, RA at 10 -6 M or 10 -5 M RE gave to the highest testosterone level observed at D11, the highest rate of pyknotic nuclei, the highest rate of total necrotic seminiferous tubules and the lowest rates of meiotic cells. Leydig cell function impairment does not systematically induce intra-tubular cell alterations. This phenomenon was also observed when males were exposed to gonadoxic treatment that preferentially affected spermatogonial stem cells rather than Leydig cells. Testosterone production depends on the number and amount of seminiferous tubules and more precisely on the number amount of Leydig cells. In the current study, we used for each tested culture condition a 3mg whole prepubertal mice testis with a very probable and comparable number of seminiferous tubules between each culture condition. The impact of retinoids on endogenous testosterone synthesis observed in our organ culture system could be due to: (i) an increase of steroidogenesis enzyme gene expression in Leydig cells [18] , this classical genomic pathway is generally considered as the main pathway used by androgens to exert their activity; (ii) an increase of enzymes involved in androgen synthesis which could occur by a non-genomic mechanism namely retinoylation (acylation of protein by retinoic acid), a high rate of retinoylation was shown on protein in Leydig cells line in the presence of 1.10 -7 M-2.10 -7 M RA [49] . Although pachytene stage has been achieved after retinoic stimulation in our organ culture system, we did not observe any differentiation up to post-meiotic germ cells which could have occurred with longer culture times. A reduced number of Sertoli cell or a defect of Sertoli cell maturation may affect the interaction with the germ cells and the normal establishment of blood testis barrier that becomes vital for germ cells survival and are essential for the normal progress of the differentiation pathway. Furthermore, defective retinoid signalling may induce, in part, an impairment of the blood testis barrier integrity. Indeed, several known RA-responsive gene encode structural components of tight and gap junctions [50] .
The spermatogenic process impairment observed during the culture with increased necrotic intra-tubular cells could be explained by the fact that our organ culture system did not efficiently mimic the in vivo condition of spermatogenesis. Since pyknotic cells increased and intratubular germ cells decreased over time, all the spermatogonia might have progressively disappeared in our organ culture system. This hypothesis was proven for the different culture conditions tested except for RE6 and RARE5 that maintained the same ratio between Sertoli cells and spermatogonia between D7 and D11 of culture. The location of cellular death with more necrotic seminiferous tubules in the periphery of testicular piece may be explained by: (i) an inappropriate composition of the culture medium with a gradient of concentration of retinoids responsible for toxic effects on the periphery of the tissue and potentially sufficient and non toxic amount on the centre of the tissue, (ii) the culture system itself with a potential excess of medium which might partially immerse the tissue and reduce oxygenation. Indeed, pyknotic nuclei rates increased over time for each condition tested. Germ cell but also Sertoli cell damage could contribute to the decrease of seminiferous tubule growth and the impairment of germ cell differentiation.
In order to prevent this process and to improve in vitro spermatogenesis, our culture system should be improved using three-dimensional culture in agarose gel as proposed previously [49, 50] . This type of culture allowed spermatids production using pup mouse testis tissues but further improvements are necessary considering that this progression up to spermatids was a rare event. We could also use a 3D coculture system in a collagen gel matrix which could enhance viability, meiosis and post-meiotic differentiation of germ cells [51] [52] [53] [54] [55] [56] . These two culture systems allow a better assessment of medium level on testicular pieces. As a consequence, testicular tissue would be properly oxygenated and necrosis could be prevented.
In our fresh immature mouse testicular tissue cultures, medium containing both 10 -6 M RA and 3.3.10 -7 M RE or 10 -6 M RE were preferable for seminiferous tubule growth, maintenance of intra-tubular cell proliferation and germ cell differentiation and 10 -6 M RE was preferable for the stabilization of the ratio between Sertoli cells and spermatogonia after D7 of culture. In testicular tissue, RA is synthesized in situ and is predominantly produced from RE through a two-step metabolic pathway. RE is provided either by the blood where it circulates bound to the retinol-binding protein (RBP) or by the local storage of retinyl esters [57] . The first step in RE metabolism takes place in the peritubular cells, considered as the first RE cell targets. The peritubular cells take up the circulatory RE and secrete it as a complex formed with RBP in the direction of the Sertoli cells, main site of RA synthesis and also main site of RE storage (via RE esterification). RA synthesis from RE involves two steps catalyzed by alcohol dehydrogenases and retinaldehyde dehydrogenases and is then distributed to germ cells [20] . Aside from synthesis, degradation of RA is also a major balancing mechanism that protects cell from inadequate RA stimulation and is catalyzed by at least three cytochrome P450 hydroxylases (CYP26) [58] . However, it has been postulate that RE but not RA, which is degraded by CYP26 enzymes localized in peritubular myoid cells, passes freely from the blood circulation to the Sertoli cells and that bloodtestis barrier inhibits the passage of RA circulating towards the germ cells [20, 58] . In order to be close to physiological conditions in our culture system, we chose to use medium containing retinol at a concentration of 10 -6 M for our frozenthawed pre-pubertal mouse testicular tissue culture. Furthermore, the different parameters explored in our study (seminiferous tubule growth, cell proliferation and meiosis) followed similar curves of evolution during the culture compared with the age-matched in vivo conditions.
Structural integrity of frozen-thawed pre-pubertal mouse testicular tissue seems to be well-preserved for a soaking temperature at -8°C and controlled slow freezing protocol without seeding as described previously [9, 28] . Soaking temperature at -8°C allowed ensuring tissue functionality closed to fresh testicular tissue cultured with the same conditions. This temperature corresponds to water transition from liquid to solid phase and the withdrawal of water from the testicular tissue is absolutely necessary because the seminiferous tubules have the tendency to trap water that consequently induces ice formation during freezing. Ice formation would likely destroy the blood-testis barrier or tubule structure affecting post-freezing functionality and therefore, ice formation must be controlled and assessed [59] . Organotypic culture of frozen-thawed testicular tissue has shown to be a promising approach for in vitro maturation of pre-pubertal mouse [9, 58] and pre-pubertal or young adult men [6, 61, 62] because it maintains testicular tissue architecture [6, 9, 60, 61] , spermatogonia survival [6, 9, 61] and Leydig cells ability to release testosterone [9, 61] . However, except for published data by Milazzo et al. [9] , in the different studies using freezing protocols included seeding at -7°C [60] , -8°C [6, 61] or -9°C [62] , no retinoids were used in culture media during in vitro maturation of testicular tissue and for all the studies using organotypic culture of frozen-thawed testicular tissue, no spermatocytes I at meiotic prophase were observed. Furthermore, unlike the study designed by Milazzo et al. [9] , our study assessed a pattern of retinoids concentration in order to improve in vitro maturation of fresh and frozen-thawed mouse testicular tissue. Moreover, we tried to improve freezing protocol by testing the effects of soaking temperature, a variable that was, to the best of our knowledge, not assessed in previous studies.
In conclusion, this study showed that RA and RE can control in vitro germ cell proliferation and differentiation. Retinol at a concentration of 10 -6 M is able to maintain germ cell proliferation and their ability to initiate spermatogenesis in fresh and frozen pre-pubertal mouse testicular tissue using a soaking temperature at -8°C. Moreover, Leydig cell functionality, as shown by LH-stimulated testosterone secretion in culture media, was maintained with retinol at a concentration of 10 -6 M, suggesting a possible human application for in vitro maturation of cryopreserved pre-pubertal testicular tissue. Figure S1 .
Supporting Information
Histological evaluation using Tra98 immunostaining of seminiferous tubules obtained after organotypic culture of pre-pubertal mice testes at days 7 (A) and days 11 (B) of culture using a culture medium containing 10 -5 M retinoic acid. Photomicrographs were captured at ×500 magnification. Intra-tubular cells with pycnotic nuclei (black asterisks) were not stained with Tra98 antibody. The distinction between pycnotic Sertoli cells and pycnotic spermatogonia was not possible. (TIF) Figure S2 . Ratio between Sertoli cells and spermatogonia in organotypic culture of fresh pre-pubertal mouse testicular tissue. The evolution of the ratio between Sertoli cells and spermatogonia was assessed after 0, 7, 9 and 11 days of organotypic culture on at least 30 cross-sectioned tubules after Tra98 immunostaining under the different culture conditions. The results are represented as the mean ± SEM with n=6. 
